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FIG. 9
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FIG. 10
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FIG. 14
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CORRESPONDING POINT SEARCHING
APPARATUS

TECHNICAL FIELD

The invention relates to a technology of searching a corre-
sponding point corresponding to a target point in a standard
image from a reference image.

BACKGROUND ART

In recent years, there is known a corresponding point
searching method such that a plurality of standard images
having resolutions different from each other and a plurality of
reference images having resolutions different from each other
are hierarchically generated respectively from a standard
image and a reference image, a search region is set in an upper
layer based on a corresponding point searched in a lower
layer, and a corresponding point is searched in the set search
region. Such a corresponding point searching method is
called as a multi-resolution strategy.

For instance, patent literature 1 discloses a technology, in
which a degree of reliability for evaluating the reliability of a
corresponding point is calculated, a corresponding point hav-
ing a low degree of reliability is changed to another corre-
sponding point, and an initial search position in a layer imme-
diately higher than a target layer is determined based on the
new corresponding point.

In the aforementioned corresponding point searching
method utilizing a multi-resolution strategy, a target point is
set in a standard image, a correlation value with respect to the
target point is obtained at each of positions in a search region
set in a reference image, and a position having a largest
correlation value among the correlation values is determined
as a corresponding point. The correlation values are calcu-
lated with use of e.g. an SAD method or a POC method.

The aforementioned corresponding point searching
method is carried out, based on the premise that a subject is
present at a distance substantially equal to the distance from
a camera within a search region.

However, there is a case that plural subjects having subject
distances different from the distance from the camera are
present in a search region. In such a case, plural sharp corre-
lation peaks may appear within the search region. If such
plural sharp correlation peaks appear, it is difficult to deter-
mine which one of the correlation peaks represents a true
corresponding point.

CITATION LIST
Patent Literature
Patent literature 1: JP 2009-282762A

SUMMARY OF INVENTION

In view of the above, an object of the invention is to provide
a corresponding point searching apparatus that enables to
precisely acquire a corresponding point, even in the case
where plural correlation peaks appear in a certain layer in use
of a multi-resolution strategy.

A corresponding point searching apparatus according to an
aspect of the invention is provided with an image acquirer
which acquires one of at least two input images as a standard
image, and a rest of the input images as a reference image; a
multi-resolution image generator which hierarchically gen-
erates a plurality of standard images having resolutions dif-
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ferent from each other and a plurality of reference images
having resolutions different from each other respectively
from the standard image and the reference image acquired by
the image acquirer; a corresponding point searching section
which searches a corresponding point corresponding to a
target point in a standard image of a target layer from a
reference image of the target layer; an initial position setter
which sets an initial search position in the reference image of
the target layer, based on a corresponding point searched in a
layer immediately lower than the target layer; and a search
controller which causes the corresponding point searching
section to sequentially search a corresponding point from a
lower layer toward an upper layer. The corresponding point
searching section sets a predetermined search region in the
reference image of the target layer by using the initial search
position set in the target layer as a reference, calculates a
correlation value with respect to the target point at each of
positions in the set search region, determines whether plural
correlation peaks appear based on the calculated correlation
value, and determines plural corresponding points with use of
each of the correlation peaks, in the case where the corre-
sponding point searching section determines that plural cor-
relation peaks appear. In the case where the corresponding
point searching section retrieves plural corresponding points,
the initial position setter sets the initial search position with
respect to each of the corresponding points.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a block diagram of a corresponding point search-
ing system to which a corresponding point searching appara-
tus embodying the invention is applied;

FIG. 2 is a diagram showing a standard image and a refer-
ence image, each of which is processed into multi-resolution
images of different layers by a multi-resolution image gen-
erator;

FIG. 3 is a diagram showing a flow of processing to be
performed by a corresponding point determiner for searching
a corresponding point under the control of a search controller;

FIG. 4 is a diagram showing a part of a standard image and
a part of a reference image in a layer L.2 and in a layer [.3;

FIG. 5A is a diagram showing a flow of processing to be
performed by a POC method, and FIG. 5B is a graph showing
a distribution of POC values obtained by subjecting a phase
difference image to an inverse Fourier transform;

FIG. 6 is a graph showing an example of a distribution of
POC values, wherein the axis of ordinate indicates a POC
value, and the axis of abscissa indicates a position;

FIGS. 7A to 7C are graphs for describing a problem
involved in a conventional method, wherein FIG. 7A is a
graph showing a distribution of POC values, in the case where
two correlation peaks appear inalayer (1), and FIGS. 7B and
7C are graphs showing a distribution of POC values in a layer
L (i-1) immediately higher than the layer L(i);

FIGS. 8 A and 8B are graphs for describing a corresponding
point search processing to be performed in the embodiment,
wherein the axis of ordinate indicates a POC value, and the
axis of abscissa indicates a position;

FIG. 9 is a flowchart showing an operation to be performed
by the corresponding point searching apparatus of the
embodiment;

FIG. 10 is a flowchart showing the details of a processing of
Step S110 in FIG. 9;

FIG. 11 is a graph showing a distribution of POC values in
the case where large correlation values are adjacent to each
other, wherein the axis of ordinate indicates a POC value, and
the axis of abscissa indicates a position;
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FIG. 12 is a diagram showing a manner as to how plural
corresponding points are transferred to upper layers;

FIG. 13 is an explanatory diagram of an SAD method;

FIG. 14 is a block diagram showing a stereoscopic distance
measurement system;,

FIG. 15 is an explanatory diagram of a distance measuring
method by a stereoscopic method; and

FIG. 16 is a block diagram of a system for correlating
between input images consecutive to each other in a time-
series manner.

DESCRIPTION OF EMBODIMENTS

In the following, a corresponding point searching appara-
tus embodying the invention is described referring to the
drawings. FIG. 1 is a block diagram of a corresponding point
searching system to which a corresponding point searching
apparatus embodying the invention is applied. The corre-
sponding point searching system is loaded in a vehicle body
of a vehicle such as an automotive vehicle, and is provided
with a camera 101 (a camera A), a camera 102 (a camera B),
and a corresponding point searching apparatus 110.

The cameras 101 and 102 are disposed to be spaced apart
from each other with a predetermined gap in left and right
directions orthogonal to a moving direction of the vehicle
body and in parallel to a horizontal direction, and to be sym-
metrically to each other with respect to the moving direction
of the vehicle body at the same height position as each other
for capturing an image in a forward direction of the vehicle
body at a predetermined frame rate. In this example, the
optical axes of the cameras 101 and 102 are parallel to each
other.

Further, the cameras 101 and 102 are controlled to syn-
chronize photographing timings thereof so that frames are
photographed at a same point of time. The number of cameras
is not limited to two, but three or more cameras may be used.

The corresponding point searching apparatus 110 is con-
stituted of e.g. a micro controller, and executes a correspond-
ing point search processing with respect to two images cap-
tured at a point of time t with use of the cameras 101 and 102,
for instance.

Specifically, the corresponding point searching apparatus
110 is provided with an image acquirer 103, a multi-resolu-
tion image generator 104, a search controller 105, an initial
position setter 106, and a corresponding point searching sec-
tion 109. The corresponding point searching section 109 is
provided with a corresponding point determiner 107 and a
corresponding point candidate determiner 108.

The image acquirer 103 acquires an input image photo-
graphed by the camera 101 as a standard image, acquires an
input image photographed by the camera 102 as a reference
image, and stores the input images into an unillustrated
memory. An example of the input image is digital image data
configured such that pixels having 256 gradation values from
0 (black) to 255 (white) are arranged in a matrix.

In the case where the number of cameras is three or more,
an input image captured by one of the cameras is used as a
standard image, and input images captured by the rest of the
cameras are respectively used as reference images.

The multi-resolution image generator 104 respectively and
hierarchically generates plural standard images having reso-
Iutions different from each other and plural reference images
having resolutions different from each other by allowing the
standard image and the reference image acquired by the
image acquirer 103 to undergo resolution reduction respec-
tively in such a manner that the resolution is increased from a
lower layer toward an upper layer. In this example, it is
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4

possible to set the number of layers to a predetermined value,
and it is possible to set the resolution of each layer to a
predetermined value. Further, it is possible to use an image
which has not undergone resolution reduction, as a standard
image of an uppermost layer and as a reference image of an
uppermost layer. Further, the resolution of the standard image
and the resolution of the reference image are the same as each
other in a same layer. Further, a certain layer to be processed
out of the layers of standard images and the layers of refer-
ence images is described as a “target layer”.

FIG. 2 is a diagram showing a standard image and a refer-
ence image, which have been processed into multi-resolution
images of different layers by the multi-resolution image gen-
erator 104. In the example of FIG. 2, the number of layers is
four. Further, in the example of FIG. 2, the resolution of an
input image is VGA (640x480), and the conversion magnifi-
cation of resolution between layers is set to V5.

Accordingly, the resolution of the standard image of the
first layer L1 (uppermost layer) and the resolution of the
reference image of the first layer .1 (uppermost layer) are
respectively VGA. Further, the resolution of the standard
image of the second layer 1.2 and the resolution of the refer-
ence image of the second layer L2 are respectively QVGA
(320x240). Further, the resolution of the standard image of
the third layer [.3 and the resolution of the reference image of
the third layer L3 are respectively (160x120). Further, the
resolution of the standard image of the fourth layer [.4 (low-
ermost layer) and the resolution of the reference image of the
fourth layer .4 (lowermost layer) are respectively (80x60).

For instance, a certain point (X, y) in the third layer L3 is
obtained as an average value of 2x2 pixels as represented by
the points (2x, 2y), (2x+1, 2y), (2%, 2y+1), and (2x+1, 2y+1)
in the second layer L.2.

The conversion magnification is not limited to V2, but may
be set to 4 so0 as to reduce the number of layers. The above
modification makes it possible to perform a high-speed pro-
cessing.

Conversely, the conversion magnification may be setto %1
s0 as to increase the number of layers. The above modification
makes it possible to perform a fine search, despite that the
number of layers increases and the computation load
increases. This is advantageous in enhancing the robustness.

Further, it is not necessary to make the conversion magni-
fication equal between layers. For instance, the conversion
magnification may be set to a small value in an upper layer,
and the conversion magnification may increase toward a
lower layer.

Using a single search region in all the layers may result in
the presence of plural subjects having different subject dis-
tances within the search region set in a lower layer. In other
words, a variety of subject distances are present in the search
region of a lower layer.

In view of the above, increasing the conversion magnifica-
tion toward a lower layer leads to an increase in the number of
layers having a low resolution. This makes it possible to
perform a fine search of a corresponding point in a lower
layer, and makes it possible to secure the robustness. Further,
the above configuration makes it possible to reduce the num-
ber oflayers having a high resolution. This gives more impor-
tance to high-speed processing than robustness in an upper
layer. Accordingly, it is possible to perform a corresponding
point search processing in a well-balanced manner over the
entirety of images from a lower layer to an upper layer.

Referring back to FIG. 1, the search controller 105 causes
the corresponding point determiner 107 to sequentially
search a corresponding point from a lower layer toward an
upper layer. FIG. 3 is a diagram showing a flow of processing
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to be performed by the corresponding point determiner 107
for searching a corresponding point under the control of the
search controller 105.

Referring to FIG. 3, the number of layers and the conver-
sion magnification are the same as those in FIG. 2. For
instance, a corresponding point T3 (p3, g3) in a reference
image, which corresponds to a target point R3 (x3,y3)in a
standard image of the third layer L3 is obtained by the corre-
sponding point determiner 107.

Subsequently, in searching a corresponding point T2 (p2,
q2) in a reference image, which corresponds to a target point
R2 (x2, y2) in a standard image of the second layer [.2, a
search result of the third layer L3 is used. Specifically, the
corresponding point T2 (p2, q2) of the second layer [.2 is
presumed to be present near the position obtained by substan-
tially multiplying by two times the corresponding point T3
(p3, q3) of the third layer L3.

In view of the above, the corresponding point determiner
107 sets a search region in the second layer [.2 on the basis of
aposition obtained by substantially multiplying by two times
the corresponding point T3 (p3, q3), and mainly searches a
region in the vicinity of the position. Performing the above
operation makes it possible to efficiently search the corre-
sponding point T2 (p2, q2).

After searching the corresponding point T2 (p2, q2), the
corresponding point determiner 107 sets a search region in the
first layer L1 on the basis of a position obtained by multiply-
ing by two times the corresponding point T2 (p2, q2), and
mainly searches a region in the vicinity of the position. Per-
forming the above operation makes it possible to efficiently
search the corresponding point T1 (p1, q1).

As described above, using a multi-resolution strategy of
searching a corresponding point by setting a search region in
an upper layer with use of a search result of a lower layer
makes it possible to efficiently search a corresponding point.
The multi-resolution strategy is also called as a coarse-to-fine
strategy.

Referring back to FIG. 1, the initial position setter 106 sets
an initial search position in a reference image of'a target layer,
based on a corresponding point searched in a layer immedi-
ately lower than the target layer. In this example, in the case
where plural corresponding points are searched in a layer
immediately lower than the target layer by the corresponding
point determiner 107, the initial position setter 106 sets an
initial search position with respect to each of the correspond-
ing points in a reference image of the target layer.

FIG. 4 is a diagram showing a part of a standard image and
a part of a reference image in the second layer .2 and in the
third layer L3. In the following, a processing to be performed
by the initial position setter 106 is described referring to FIG.
4. A target point (bx, by) in the third layer L3 is obtained as an
average value of 2x2 pixels as represented by the points (BX,
BY), (BX+1, BY), (BX, BY+1), and (BX+1, BY+1) in the
second layer L.2.

A point (rx, ry) in a reference image of the third layer L3 is
a corresponding point of the target point (bx, by). The initial
search position in a reference image of the second layer L2 is
obtained by the following formula by using the corresponding
point (rx, ry) in the third layer L3.

(RX,RY)=(2xrx,2xry)
(RX+1,RY)=(2xrx+1,2%xry)
(RX,RY+1)=(2x#x,2xry+1)

(RX+1LRY+1)=(2xrx+1,2xry+1)
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These four points (RX, RY), (RX+1, RY), (RX, RY+1),
and (RX+1, RY+1) serve as the initial search position in the
second layer [.2. The above setting is advantageous in accu-
rately setting the initial search position. In order to simplify
the computation, it is possible to read (RX, RY)=(2xrx, 2xry)
as the initial search position, without obtaining the four points
(RX, RY), (RX+1, RY), (RX, RY+1), and (RX+1, RY+1).

Referring back to FIG. 1, the corresponding point search-
ing section 109 searches, in a reference image of a target
layer, a corresponding point corresponding to a target point in
a standard image of the target layer. The corresponding point
searching section 109 is provided with the corresponding
point determiner 107 and the corresponding point candidate
determiner 108.

The target point determiner 107 sets a predetermined
search region in a reference image of a target layer on the
basis of an initial search position set in the target layer, and
calculates a correlation value with respect to a target point at
each of positions in the set search region.

In this example, the corresponding point determiner 107
calculates a correlation value at each of the positions in a
search region, with use of a POC (phase-only correlation)
method. FIG. 5A is a diagram showing a flow of processing to
be performed by a POC method. Firstly, the corresponding
point determiner 107 sets a standard window including a
target point in a standard image as a center, and sets a refer-
ence window within a reference image (Step S1). The stan-
dard window and the reference window have the same win-
dow size as each other, and respectively have a rectangular
shape.

Subsequently, the corresponding point determiner 107 per-
forms a Fourier transform with respect to an image within the
standard window and with respect to an image within the
reference window (Step S2).

The Fourier transform is expressed by the following for-
mula (1).

Fln =Y fle )W Wi @

Xy

_
WN —e N

where

X, y denote a horizontal direction and a vertical direction of an
input image,

u, v denote a frequency corresponding to x-direction, and a
frequency corresponding to y-direction,

N1, N2 denote window sizes,

f(x, y) denote pixel values, and

F(u, v) denote frequency space values of f(x, y).

For instance, in the case where the size of the standard
window and the reference window is 33x17, the frequency u
is expressed by one direct-current component and sixteen
alternate-current components, and the frequency v is
expressed by one direct-current component and eight fre-
quency components. Actually, the frequency u has thirty-two
alternate-current components. However, since frequency data
is such that alternate-current components are symmetrical to
each other with respect to one direct-current component, the
frequency u has sixteen alternate-current components.

In the case where the window size is a power of two, it is
possible to use a FFT (fast Fourier transform) characterized
by butterfly computation, as a Fourier transform. In view of
the above, it is preferable to set the window size to a power of
two in the aspect of high-speed processing. For instance, in
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the case where the window size is 32x16, the frequency u is
expressed by one direct-current component and fifteen alter-
nate-current components, and the frequency v is expressed by
one direct-current component and seven alternate-current
components.

Subsequently, the corresponding point determiner 107
separates a Fourier-transformed image within the standard
window into a phase component 6(u, v) and an amplitude
component A(u, v) with use of the formula (2), and separates
a Fourier-transformed image within the reference window
into a phase component ¢(u, v) and an amplitude component
B(u, v) with use of the formula (2) (Step S3).

@

Alu, v) or B(u, v) = \f Re(u, v)? + Im(u, v)?

Im(e, v)
Re(u, v))

O(u, v) or d(u, v) = tan’l(

where

Re(u, v) denotes a real part of a Fourier-transformed image,
and

Im(u, v) denotes an imaginary part of a Fourier-transformed
image.

Subsequently, the corresponding point determiner 107
obtains a phase difference image by obtaining a difference
between the phase component 6(u, v) and the phase compo-
nent ¢p(u, v) (Step S4).

Subsequently, the corresponding point determiner 107 per-
forms an inverse Fourier transform with respect to the phase
difference image (Step S5), and obtains a POC value, which
is a correlation value. FIG. 5B is a graph showing a distribu-
tion of POC values obtained by subjecting a phase difference
image to an inverse Fourier transform. As shown in FIG. 5B,
subjecting a phase difference image to an inverse Fourier
transform makes it possible to obtain a POC value at each
position of an image within the standard window and of an
image within the reference window.

Specifically, x-axis and y-axis respectively indicate x-com-
ponent and y-component of a displacement amount of an
image within the reference window relative to an image
within the standard window, and z-axis indicates a POC
value.

Assuming that an image within the reference window is
displaced by (xs, ys) relative to an image within the standard
window, a correlation peak appears at the position (xs, ys). In
this way, the phase-only correlation method has a feature that
a sharp correlation peak appears at a position representing a
displacement amount, and is capable of accurately obtaining
a displacement amount of an image within the reference
window relative to an image within the standard window. A
POC value at each position as represented by x-axis and
y-axis corresponds to a correlation value at each position in a
search region.

Assuming that a position where a correlation peak appears
is (xs, ys), the corresponding point determiner 107 deter-
mines that a position obtained by displacing the center of the
reference window by (xs, ys) as a corresponding point.

Referring back to FIG. 1, the corresponding point candi-
date determiner 108 determines whether plural correlation
peaks appear, based on correlation values calculated by the
corresponding point determiner 107. In the case where the
corresponding point candidate determiner 108 determines
that plural correlation peaks appear, the corresponding point
determiner 107 calculates a ratio between correlation values
as represented by the correlation peaks, determines one or
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more corresponding points based on the calculated ratio, and
notifies a determination result to the initial position setter 106.

FIG. 6 is a graph showing an example of a distribution of
POC values, wherein the axis of ordinate indicates a POC
value and the axis of abscissa indicates a position. To simplify
the description, FIG. 6 shows a distribution of POC values as
a one-dimensional graph.

Conventionally, a position having a largest POC value is
determined to be a corresponding point, and a degree of
reliability of the corresponding point is obtained, based on the
magnitude of the POC value at the position. It should be noted
that a degree of reliability indicates an accuracy of a corre-
sponding point, and relies on the design of algorithm. For
instance, a value obtained by normalizing each of the POC
values in such a manner that the sum of all the POC values
becomes 1 is used as a degree of reliability. In the case where
the degree of reliability is 0.2 or larger, for instance, a corre-
sponding point having the degree of reliability is determined
to have a high degree of reliability.

In the following, there is described a case to be solved by
the corresponding point searching apparatus of the embodi-
ment. FIGS. 7A to 7C are graphs for describing a problem
involved in the conventional method, wherein FIG. 7A is a
graph showing a distribution of POC values, in the case where
two correlation peaks appear in a certain layer L(i), and FIGS.
7B and 7C are graphs showing a distribution of POC values in
alayer L (i-1) immediately higher than the layer L(i).

According to the conventional method, in the case where
two correlation peaks appear as shown in FIG. 7A, a corre-
sponding point is determined with use of a position at which
a correlation peak having a higher degree of reliability
appears out of the two correlation peaks. However, it is not
easy to specify which one of the two correlation peaks repre-
sents a true corresponding point. In particular, in the case
where the degrees of reliability of two correlation peaks are
close to each other, it is difficult to determine a true corre-
sponding point.

In the case where a true corresponding point is selected in
FIG. 7A, setting a search region based on the corresponding
point and searching a corresponding point in the layer L(i-1)
makes it possible to obtain a sharp correlation peak in a
distribution of POC values as shown in FIG. 7B. Thus, it is
possible to search a true corresponding point even in the layer
L@G-1).

On the other hand, in the case where a true corresponding
point is not selected in FIG. 7A, setting a search region based
on the corresponding point and searching a corresponding
point in the layer [(i-1) results in failure of obtaining a sharp
correlation peak as shown in FIG. 7C. Thus, the possibility of
searching a true corresponding point in the layer L(i-1) is
lowered.

In view of the above, in the embodiment, in the case where
two correlation peaks are detected in the layer L(i), and it is
difficult to determine which one of the correlation peaks
represents a true corresponding point because the correlation
values of the correlation peaks are close to each other, two
corresponding points are determined with use of the two
correlation peaks, without determining a corresponding point
with use of one of the correlation peaks. In this way, a corre-
sponding point is determined in the layer L(i-1) by setting a
search region with respect to each of the corresponding points
in the layer L(i-1) for searching a corresponding point.

Inthis example, the size of a search region is the same in all
the layers. Accordingly, the relative size of a search region
with respect to a reference image decreases toward an upper
layer. Consequently, the search region is narrowed toward an
upper layer, and the possibility of including plural subjects
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having different subject distances in a search region is low-
ered. As a result, it is possible to increase the possibility of
obtaining only one correlation peak in a final stage of pro-
cessing. This is advantageous in implementing a correspond-
ing point search with high precision.

Specifically, the corresponding point candidate determiner
108 extracts a position having a largest POC value in a search
region, and determines that a first correlation peak appears at
the extracted position. Then, in the case where a second
largest POC value is larger than a predetermined threshold
value a1, the corresponding point candidate determiner 108
determines that a second correlation peak appears at a posi-
tion having the second largest POC value. In this case, it is
determined that plural correlation peaks appear.

On the other hand, in the case where the second largest
POC value is not larger than the threshold value al, the
corresponding point candidate determiner 108 determines
only the first correlation peak as a correction peak. In this
case, the corresponding point candidate determiner 108 deter-
mines that only one correlation peak appears. It is possible to
use a correlation value that clearly shows that the correlation
value does not represent a correlation peak, as the threshold
value al.

In the case where the corresponding point candidate deter-
miner 108 determines that plural correlation peaks appear, the
corresponding point determiner 107 calculates aratio (P2/P1)
of the correlation value P2 of the second correlation peak to
the correlation value P1 of the first correlation peak.

In the case where the ratio is not larger than a predeter-
mined value Vthl, the corresponding point determiner 107
determines a corresponding point with use of only the posi-
tion of the first correlation peak. On the other hand, in the case
where the ratio is larger than the value Vth1, the correspond-
ing point determiner 107 determines two corresponding
points with use of the position of the first correlation peak and
the position of the second correlation peak, respectively.

FIGS. 8A and 8B are graphs for describing a corresponding
point search processing to be performed in the embodiment,
wherein the axis of ordinate indicates a POC value, and the
axis of abscissa indicates a position. Referring to FIG. 8A,
two correlation peaks PK1 and PK2 appear, but the ratio of the
correlation value P2 to the correlation value P1 is lower than
the value Vthl. In this case, the corresponding point deter-
miner 107 determines only the correlation peak PK1 as a
correlation peak.

In other words, even if two correlation peaks appear, as far
as the correlation value P2 of the correlation peak PK2 is
smaller than the correlation value P1 of the correlation peak
PK1, it is highly likely that the correlation peak PK1 repre-
sents a corresponding point. Accordingly, in the above case, a
corresponding point is determined only with use of the cor-
relation peak PK1. As a result of the above operation, as
shown in FIG. 8B, it is possible to increase the possibility of
obtaining a sharp correlation peak in the layer L(i-1).

In the embodiment, P2/P1 is used as the ratio. Alterna-
tively, an inverse (P1/P2) of P2/P1 may be used as the ratio. In
the above modification, in the case where the ratio is smaller
than a predetermined value Vth2, the corresponding point
candidate determiner 108 may determine that plural correla-
tion peaks appear; and in the case where the ratio is not
smaller than the value Vth2, the corresponding point candi-
date determiner 108 may determine that one correlation peak
appears.

Further, in the case where a difference value (P1-P2)
obtained by subtracting the correlation value P2 from the
correlation value P1 is smaller than a predetermined value
Vth3, the corresponding point candidate determiner 108 may
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determine that plural correlation peaks appear; and in the case
where the difference value is not smaller than the value Vth3,
the corresponding point candidate determiner 108 may deter-
mine that one correlation peak appears.

The predetermined values Vthl to Vth3 may be a fixed
value, or may be determined by using the following formula.

Vthl to Vth3=axP1 (where a is a fixed value)

In the above modification, the values of Vthl to Vth3 are
determined according to the correlation value P1, as neces-
sary.

FIG. 9 is a flowchart showing an operation to be performed
by the corresponding point searching apparatus embodying
the invention. The processing shown in FIG. 9 is executed,
each time an input image is photographed by the cameras 101
and 102.

Firstly, the image acquirer 103 acquires an input image
photographed by the camera 101 as a standard image, and an
input image photographed by the camera 102 as a reference
image (Step S101). Subsequently, the multi-resolution image
generator 104 performs resolution reduction with respect to
the standard image and the reference image, and generates
plural standard images having resolutions different from each
other and plural reference images having resolutions different
from each other (Step S102). In this example, as shown in
FIG. 2, standard images of four layers L1 to L4, and reference
images of four layers L1 to [.4 are generated.

Subsequently, the search controller 105 sets a target layer
(Step S103). In the example shown in FIG. 2, the search
controller 105 sequentially sets a target layer from the fourth
layer 1.4 toward the first layer L1 in such a manner that the
fourth layer 1.4 is designated as a target layer, followed by
designation of the third layer L3 as a target layer.

Subsequently, the search controller 105 determines
whether the search processing with respect to all the layers
has been completed. In the case where the search processing
with respect to all the layers has been completed (YES in Step
S104), the processing is finished. On the other hand, in the
case where the search processing with respect to all the layers
has not been completed (NO in Step S104), the search con-
troller 105 determines whether the search processing with
respect to all the points which have been set as a target point
in the standard image of the target layer has been completed
(Step S105).

In the case where the search controller 105 determines that
the search processing with respect to all the points has been
completed (YES in Step S105), the processing is returned to
Step S103, and the search controller 105 sets a layer imme-
diately higher than the target layer as a new target layer.

On the other hand, in the case where the search controller
105 determines that the search processing with respect to all
the points has not been completed (NO in Step S105), the
corresponding point determiner 107 sets a target point in the
standard image of the target layer (Step S106). In this case, a
position obtained by multiplying the coordinate of a target
point set in the layer immediately lower than the target layer
by an inverse of the conversion magnification may be set as
the target point in the target layer.

Subsequently, the corresponding point determiner 107 sets
a standard window within the standard image of the target
layer including the target point set in Step S106 as a center
(Step S107).

Subsequently, the initial position setter 106 sets an initial
search position in the reference image of the target layer, with
use of the corresponding point searched in the layer immedi-
ately lower than the target layer by the method shown in FIG.
4 (Step S108).
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In the case where two corresponding points are retrieved in
the layer immediately lower than the target layer, the initial
position setter 106 sets two initial search positions in the
reference image of the target layer. Further, in the case where
the lowermost layer is the target layer, there is no layer imme-
diately lower than the target layer. In this case, the initial
position setter 106 may set a predetermined position (e.g. the
center position of the lowermost layer) as an initial search
position.

Subsequently, the corresponding point determiner 107 sets
a search region in the reference image of the target layer by
using the initial search position setin Step S108 as areference
(Step S109). In this example, the search region is set in such
a manner that the center of the search region coincides with
the initial search position. The search region has a same size
in all the layers.

Further, in the case where plural initial search positions are
set in Step S108, the corresponding point determiner 107 sets
plural search regions by using each of the initial search posi-
tions as a reference.

Subsequently, the corresponding point determiner 107
executes a corresponding point search processing (Step
S110). In the case where plural search regions are set in Step
S109, the corresponding point determiner 107 searches a
corresponding point in all the search regions. After the pro-
cessing of Step S110 is finished, the processing is returned to
Step S105 to continue the processing.

FIG. 10 is a flowchart showing the details of the processing
of' Step S110 in F1G. 9. Firstly, the corresponding point deter-
miner 107 sets a reference window in the search region set in
Step S109 (Step S201).

Subsequently, the corresponding point determiner 107
respectively performs a Fourier transform with respect to an
image within the standard window and an image within the
reference window (Step S202).

Subsequently, the corresponding point determiner 107
extracts a phase component 6(u, v) of the Fourier-trans-
formed image within the standard window and a phase com-
ponent ¢(u, v) of the Fourier-transformed image within the
reference window (Step S203).

Subsequently, the corresponding point determiner 107 cal-
culates a phase difference image by subtracting the phase
component ¢(u, v) from the phase component 0(u, v) (8(u,
v)-¢(u, v)) (Step S204).

Subsequently, the corresponding point determiner 107 cal-
culates a distribution of POC values by performing an inverse
Fourier transform with respect to the phase difference image
(Step S205). By performing the above operation, POC values
at the respective positions in the search region are obtained.

Subsequently, the corresponding point candidate deter-
miner 108 determines whether plural correlation peaks
appear (Step S206). In the case where it is determined that
first and second correlation peaks appear (YES in Step S206),
the corresponding point determiner 107 determines whether
the ratio (P2/P1) of the correlation value P2 to the correlation
value P1 is larger than the value Vthl (Step S207).

In the case where the ratio (P2/P1) is larger than the value
Vthl (YES in Step S207), the corresponding point determiner
107 determines two corresponding points with use of the
positions of the first and second correlation peaks (Step
S208). Specifically, the corresponding point determiner 107
obtains a displacement amount of an image within the refer-
ence window relative to an image within the standard win-
dow, from the position of the first correlation peak; and deter-
mines the position obtained by displacing the center of the
reference window by the displacement amount, as a corre-
sponding point. Further, the corresponding point determiner
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107 determines a corresponding point representing the sec-
ond correlation peak in the same manner as the processing of
the first correlation peak.

On the other hand, in the case where it is determined that
the first and second correlation peaks do not appear (NO in
Step S206), the corresponding point determiner 107 proceeds
the processing to Step S209. Further, in the case where the
ratio (P2/P1) is not larger than the value Vthl (NO in Step
S207), the corresponding point determiner 107 proceeds the
processing to Step S209.

Subsequently, the corresponding point determiner 107
determines one corresponding point with use of the position
of' the first correlation peak (Step S209).

<First Modification>

In the embodiment, it is determined whether plural corre-
lation peaks appear from the magnitude of a POC value. Inthe
first modification, it is determined whether plural correlation
peaks appear with use of another judgment parameter, in
addition to the magnitude of a POC value.

The details are as follows.

1) In the case where a correlation value is at the apex of a
peak, the correlation value is determined to be a correlation
peak. In this case, the corresponding point candidate deter-
miner 108 specifies a largest correlation value P1. Then, it is
determined whether the correlation value P1 is at the apex of
apeak. In the case where the correlation value P1 is at the apex
of'a peak, the correlation value P1 is determined to be a first
correlation peak. In this example, a determination as to
whether the correlation value is at the apex of a peak may be
performed by differentiating the correlation value. On the
other hand, in the case where the correlation value P1 is not at
the apex of a peak, it is determined whether a second largest
correlation value P1' is at the apex of apeak. If it is determined
that the correlation value P1' is at the apex of a peak, the
correlation value P1' may be determined to be a first correla-
tion peak.

In the case where the first correlation peak is specified, the
corresponding point candidate determiner 108 specifies a
correlation value P2 larger than a threshold value 1. In the
case where the correlation value P2 is at the apex of a peak, the
correlation value P2 is determined to be a second correlation
peak. On the other hand, in the case where the correlation
value P2 is not at the apex of a peak, a third largest correlation
value P2', which is larger than the threshold value al, is
specified, and a determination as to whether the correlation
value P2' is a second correlation peak is performed in the
same manner as the processing of the correlation value P2.

ii) In the case where the ratio of the correlation value at a
position adjacent to a target position to the correlation value at
the target position within the search region is smaller than a
predetermined value, it is determined that a correlation peak
appears at the target position.

Inthe above case, the corresponding point candidate deter-
miner 108 specifies a largest correlation value P1. Then, a
correlation value P1__1 at a position adjacent to the correla-
tion value P1 is specified. In the case where P1__1/P1 is not
larger than a predetermined threshold value a2, the correla-
tion value P1 is determined to be a first correlation peak. Four
vicinity positions or eight vicinity positions may be used as
positions adjacent to the target position. For instance, in the
case where four vicinity positions are used, assuming that the
correlation values at the four vicinity positions are respec-
tively P1_1,P1_2/P13,and P1_ 4, the correlation value P1
may be determined to be a first correlation peak, in the case
where at least one, or two, or three, or all of the values
P1_1/P1, P1_2/P1, P1_3/P1, and P1_4/P1 is not larger
than the threshold value 2.
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In the case where the correlation value P1 is not determined
to be a first correlation peak, a next largest correlation value
P1'is specified, and a determination as to whether the corre-
lation value P1'is a first correlation peak may be performed in
the same manner as the processing of the correlation value P1.

In the case where the correlation value P1' is determined to
be a first correlation peak, the corresponding point candidate
determiner 108 specifies a next largest correlation value P2,
which is larger than the threshold value al, and detects a
second correlation peak with use of the same method as used
in determining the first correlation peak.

iii) In the case where a difference value obtained by sub-
tracting the correlation value at a position adjacent to a target
position from the correlation value at the target position
within a search region is larger than a predetermined value, it
is determined that a correlation peak appears at the target
position.

In the above case, the corresponding point candidate deter-
miner 108 specifies a largest correlation value P1. Then, the
corresponding point candidate determiner 108 specifies a
correlation value P1_ 1 at a position adjacent to the correla-
tion value P1. Then, a difference value AP1 is obtained by
performing the subtraction: P1-P1__1. In the case where the
difference value AP1 is larger than a predetermined threshold
value a3, the correlation value P1 is determined to be a first
correlation peak. Four vicinity positions or eight vicinity
positions may be used as positions adjacent to the target
position. For instance, in the case where four vicinity posi-
tions are used, assuming that the correlation values at the four
vicinity positions are respectively P11, P12, P13, and
P1_ 4, difference values AP1, AP2, AP3, and AP4 between the
correlation value P1; and the correlation values P1__1,P1_ 2,
P1_3, and P1_ 4 are obtained, and in the case where one, or
two, or three, or all of the difference values is larger than the
threshold value a3, the correlation value P1 may be deter-
mined to be a first correlation peak.

In the case where the correlation value P1 is not determined
to be a first correlation peak, a next largest correlation value
P1'is specified, and a determination as to whether the corre-
lation value P1'is a first correlation peak may be performed in
the same manner as the processing of the correlation value P1.

Then, in the case where the correlation value P1' is deter-
mined to be a first correlation peak, the corresponding point
candidate determiner 108 specifies a next largest correlation
value P2, which is larger than the threshold value a1, and
detects a second correlation peak with use of the same method
as used in determining the first correlation peak.

Using one of the methods 1) to iii) described in the first
modification is advantageous in accurately detecting a corre-
lation peak.

<Second Modification>

In the embodiment, the largest correlation value P1 is
determined to be a first correlation peak, and the second
largest correlation value P2, which is smaller than the corre-
lation value P1 but is larger than the threshold value al, is
determined to be a second correlation peak. FIG. 11 is a graph
showing a distribution of POC values in the case where large
correlation values are adjacent to each other, wherein the axis
of ordinate indicates a POC value, and the axis of abscissa
indicates a position.

As shown in FIG. 11, a correlation value P1' adjacent to a
correlation value P1 has a large value, but is not present at the
apex of a peak. Accordingly, it is not preferable to detect the
correlation value P1' as a correlation peak.

In view of the above, in the second modification, it is not
determined that a correlation peak appears at the adjacent
position. Specifically, the corresponding point candidate
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determiner 108 determines the largest correlation value P1 as
a first correlation peak. Then, the corresponding point candi-
date determiner 108 detects a second largest correlation value
P2, which is smaller than the correlation value P1 but is larger
than the threshold value a 1. In the case where the correlation
value P2 is adjacent to the correlation value P1, the correla-
tion value P2 is not detected to be a second correlation peak.

On the other hand, in the case where the correlation value
P2 is not adjacent to the correlation value P1, the correlation
value P2 is detected to be a second correlation peak. In this
example, in the case where the correlation value P2 is away
from the correlation value P1 by e.g. two pixels or more, more
specifically, in the case where the correlation value P2 is
present at a position away from the correlation value P1 by a
distance corresponding to one pixel, the corresponding point
candidate determiner 108 may detect the correlation value P2
as a second correlation peak.

<Third Modification>

In the embodiment, in the case where plural search regions
are set, a first correlation peak and a second correlation peak
are detected in all the search regions, and two corresponding
points at most are determined from a target layer.

In the third modification, in the case where plural search
regions are set, a first correlation peak and a second correla-
tion peak are detected in each of the search regions, and all the
corresponding points are transferred to a layer immediately
higher than the target layer, even in the case where three or
more corresponding points are retrieved.

FIG. 12 is a diagram showing a manner as to how plural
corresponding points are transterred to upper layers. In the
layer L(i), correlation peaks PK1 and PK2 are detected as a
first correlation peak and a second correlation peak.

In the layer L(i-1), a search region Al is set based on the
correlation peak PK1, and a search region A2 is set based on
the correlation value PK2. In this case, the corresponding
point candidate determiner 108 determines whether a first
correlation peak and a second correlation peak appear in each
of the search regions Al and A2.

As a result of the above operation, in the layer L(i-1), two
correlation peaks PK1_a and PK1_b are detected in the
search region Al. Further, two correlation peaks PK2_a and
PK2_b are detected in the search region A2.

The corresponding point determiner 107 determines two
corresponding points based on the correlation peaks PK1_a
and PK2_b in the search region Al. Accordingly, in the layer
L(i-2), a search region B1 based on the correlation peak
PK1_a, and a search region B2 based on the correlation peak
PK1_b are set.

On the other hand, the corresponding point determiner 107
determines one corresponding point solely based on the cor-
relation peak PK2_a, out of the two correlation peaks in the
search region A2. Accordingly, in the layer [.(i-2), a search
region B3 based on the correlation peak PK2_a is set.

The corresponding point candidate determiner 108 detects
afirst peak and a second peak in each of the search regions B1
to B3. In the example shown in FIG. 12, whereas a sharp
correlation peak appears in the search region Bl, a sharp
correlation peak does not appear in the search regions B2 and
B3.

As described above, in the case where plural search regions
are set, it is determined whether plural correlation peaks
appear in each of the search regions. In the case where plural
correlation peaks appear, and plural corresponding points are
detected, a search region with respect to each of the corre-
sponding points is set in an upper layer.

The above configuration makes it possible to avoid a case
that a corresponding point serving as a solution is excluded
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from the candidates. Accordingly, as shown by the layer L(i-
2) in FIG. 12, it is possible to increase the possibility of
obtaining one sharp correlation peak at a final stage of pro-
cessing. This is advantageous in enhancing the search preci-
sion of a corresponding point. The third modification may be
combined with the first modification or the second modifica-
tion.

<Fourth Modification>

In the third modification, two corresponding points are
detected in each of the search regions. Accordingly, the num-
ber of corresponding points may increase stage by stage
toward an upper layer. In such a case, an extremely large
number of corresponding points may be detected in an upper
layer, and it may be difficult to select a true corresponding
point as a final solution. Thus, the above case may result in
lowering the detection precision.

In view ofthe above, in the fourth modification, the number
of corresponding points to be transferred to an upper layer is
restricted. Specifically, the maximum number of correspond-
ing points to be transferred to an upper layer is determined
with respect to each of the layers. The relative size of a
reference window with respect to a reference image is large in
a lower layer. Accordingly, a variety of subject distances may
be present in an image within the reference window. In view
of the above, the maximum number of corresponding points
is set such that the maximum number increases toward a
lower layer, and the maximum number decreases toward an
upper layer. In the case where corresponding point candidates
(candidate points) of a number exceeding the maximum num-
ber are detected in a target layer, the corresponding point
determiner 107 may select candidate points of the maximum
number from the candidate points having large correlation
values, and may transfer the selected candidate points to an
upper layer as corresponding points.

The above configuration makes it possible to prevent a case
that an extremely large number of corresponding points are
detected in an upper layer and it may be difficult to select a
true corresponding point as a final solution.

<Fifth Modification>

In the fifth modification, in the case where plural corre-
sponding points are detected in an uppermost layer, one cor-
responding point serving as a solution is determined Specifi-
cally, one of the following methods is used.

1) A corresponding point having a largest correlation value
is determined as a solution, out of the plural corresponding
points detected in an uppermost layer.

ii) A corresponding point having a highest degree of simi-
larity to a peripheral pixel is determined as a solution, out of
the plural corresponding points detected in an uppermost
layer. In this example, a degree of similarity means closeness
to a peripheral pixel in terms of parallax. For instance, let us
assume that the parallax ofa certain corresponding point T1 is
dl1, and the parallax of a pixel T1 1 in the vicinity of the
corresponding point T1 is d2. In this case, an inverse (=1/
Ad12) of a difference Ad12 between the parallax d1 and the
parallax d2 serves as a degree of similarity SIM1 of the
corresponding point T1. Likewise, let us assume that a degree
of similarity of another corresponding point T2 is SIM2, and
SIM1>SIM2. In this case, the corresponding point T1 serves
as a solution.

iii) A corresponding point having a highest degree of sta-
bility is determined as a solution, out of the plural correspond-
ing points detected in an uppermost layer. A degree of stabil-
ity is defined such that a corresponding point having a feature
that plural correlation peaks are sequentially detected from a
lower layer is determined to have a low degree of stability, and
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a corresponding point having a feature that plural correlation
peaks are less likely to appear is determined to have a high
degree of stability.

A degree of stability is described referring to FIG. 12. Let
us assume that corresponding points T1, T2, and T3 are
detected based on correlation peaks PK11, PK12, and PK13,
while setting the layer [.(i-2) as an uppermost layer.

The correlation peak of the corresponding point T1 is
shifted in the order of PK1—+PK1_a—PK11. PK1 is split into
two portions in the layer L(i), and PK1_a is split into two
portions in the layer L(i-1). Accordingly, the degree of sta-
bility of the corresponding point T1 is (12). In this example,
the expression “split into two portions” means that two cor-
responding points are detected. Accordingly, in the case
where three corresponding points are detected, a peak is split
into three portions.

The correlation peak of the corresponding point T2 is
shifted in the order of PK1—+PK1_b—PK12. PK1 is split into
two portions in the layer L(i), and PK1_b is split into two
portions in the layer L(i-1). Accordingly, the degree of sta-
bility of the corresponding point T2 is (15)>.

The correlation peak of the corresponding point T3 is
shifted in the order of PK2—+PK2_a—PK13. PK2 is split into
two portions in the layer L(i), and PK2_a is not split into two
portions in the layer L(i-1). Accordingly, the degree of sta-
bility of the corresponding point T3 is V4. In this case, the
degree of stability of the corresponding point T3 is highest.
Accordingly, the corresponding point T3 is determined to be
a solution.

The processing of the fifth modification is applied to the
uppermost layer. Alternatively, the processing of the fifth
modification may be applied to a layer somewhere between
the lowermost layer and the uppermost layer. The above
modification makes it possible to eliminate generation of an
unnecessary corresponding point. This is advantageous in
preventing an increase in the computation time.

Further, a corresponding point serving as a solution may be
determined by combining the processings of i) to iii)
described in the fifth modification. In the foregoing example,
one corresponding point is determined by using the method
iii). However, in the case where plural corresponding points
whose degrees of stability are the same as each other are
present, and it is impossible to determine one corresponding
point, one corresponding point may be determined by using
the method 1) or the method ii).

<Sixth Modification>

In the embodiment, to simplify the description, two corre-
lation peaks i.e. a first correlation peak and a second correla-
tion peak are detected. Alternatively, three correlation peaks
may be detected.

For instance, in the case where three correlation values
larger than the threshold value ol are present in a search
region, correlation values P1, P2, and P3 may be detected as
correlation peaks, where P1>P2>P3. In this case, the corre-
sponding point candidate determiner 108 obtains P2/P1 and
P3/P1. In the case where P2/P1 and P3/P1 are larger than the
value Vthl, the corresponding point candidate determiner
108 may obtain three corresponding points, based on three
correlation peaks i.e. the correlation values P1, P2, and P3.

On the other hand, in the case where only P2/P1 is larger
than the value Vth1, the corresponding point candidate deter-
miner 108 may detect two corresponding points, based ontwo
correlation peaks i.e. the correlation values P1 and P2.

<Seventh Modification>

In the embodiment, correlation values are calculated with
use of a POC method. A method other than the POC method
may be used. Examples of the other method include a DCT
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sign-only correlation method, and an SAD (Sum of Absolute
Difference) method. The details of the DCT sign-only corre-
lation method are disclosed in “Combination of image signal
processing and image pattern recognition—DCT sign-only
correlation and its application by Hitoshi KIYA, Tokyo Met-
ropolitan University, Faculty of System Design, Workshop on
Dynamic Image Processing for Real Application, 2007
(2007, 3. 8-9)”.

FIG. 13 is an explanatory diagram of an SAD method. As
shown in FIG. 13, a target point CP is set in a standard image,
and a standard window W1 including the target point CP as a
center is set. In this example, the target point CP is sequen-
tially set in such a manner that all the pixels or pixels inter-
polated by a certain interval within the standard image are
raster scanned, for instance.

Subsequently, a certain pixel within a search region setin a
reference image is set at a center point O1 of a reference
window W2, and the reference window W2 including the
center point O1 as a center is set. In this example, it is possible
to use, as the search region, a region in the reference image
having a feature such that the region has the same height as the
target point CP in a vertical direction thereof and has a linear
shape in parallel to a horizontal direction thereof. Subse-
quently, a correlation value COR,, between an image Img1
within the standard window W1 and an image Img?2 within the
reference window W2 is calculated with use of the following
formula (3).

COR, = ——— @
P SAD, +1

wow
SADp = " > limel(i, /)~ Img2, j + p)l
=

i=1

where

W denotes a window size of the standard window W1, and a
window size of the reference window,

i denotes a coordinate in a vertical direction, j denotes a
coordinate in a horizontal direction, and

p denotes a variable that satisfies a formula: O=p=max_disp,
max_disp being a final search point.

After the correlation value COR,, is obtained, the reference
window W2 is shifted in the horizontal direction by incre-
menting p by one, and a next correlation value COR,, is
obtained.

Subsequently, the correlation value COR,, is used as a cor-
relation value at the center point O1 of an image within the
reference window W2, a position having a largest correlation
value is searched within the reference image, and the
searched position is specified as a corresponding point of the
target point CP set in the standard image. As shown in the
graph of FIG. 13, the correlation value COR,, has a high
correlation with the image Img1 and the image Img2; and the
correlation increases, as the degree of similarity increases.

It is possible to use an SSD (Sum of Squared Difference)
method or an NCC (Normalized Cross Correlation) method,
other than the SAD method.

First Use Example

In the first use example, the corresponding point searching
apparatus of the embodiment is applied to a stereoscopic
distance measurement system. FIG. 14 is a block diagram
showing a stereoscopic distance measurement system. The
stereoscopic distance measurement system is loaded in a
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vehicle body of a vehicle such as an automotive vehicle, and
is provided with cameras 101 and 102, an arithmetic process-
ing unit 11, and a display unit 12.

The arithmetic processing unit 11 is provided with the
corresponding point searching apparatus 110 shown in FIG.
1. The arithmetic processing unit 11 calculates a distance to
an object in a forward direction of the vehicle body by a
stereoscopic method with use of corresponding points
detected by the corresponding point determiner 107. The
display unit 12 is constituted of a display device such as a
liquid crystal display or an organic EL display, and displays
information generated by the arithmetic processing unit 11.

FIG. 15 is an explanatory diagram of a distance measuring
method by a stereoscopic method. Referring to FIG. 15,
denotes a focal length of a lens in the cameras 101 and 102.
The number of pixels of a photographing plane (CCD) of the
camera 101 is the same as the number of pixels of a photo-
graphing plane (CCD) of the camera 102. Further, the cam-
eras 101 and 102 are disposed to be away from each other in
left and right directions by a predetermined baseline length B
in such a manner that the optical axes thereof are in parallel to
each other. In this configuration, assuming that a parallax on
the photographing plane to be obtained from the coordinate of
the target point CP and the coordinate of the corresponding
point TP is Ad, the distance D from the lens position to a target
object is expressed by the following formula.

D=fB/Ad

Further, a three-dimensional position (X, Y, Z) of the target
object is expressed by the following formula.

X=x-D/ff
Y=y-Z/f

Z=D

where x and y denote coordinates of the target point CP.

Inthe case where the distance between the target object and
the vehicle body is shorter than a predetermined value from
the three-dimensional position of the target object, the arith-
metic processing unit 11 determines that the target object is an
obstacle, generates information that the obstacle is approach-
ing the vehicle body, and displays the information on the
display unit 12. Thus, the user is alerted of approaching of the
obstacle.

Second Use Example

Inthe second use example, the corresponding point search-
ing apparatus of the embodiment is applied to a system for
performing a corresponding point search with respect to input
images consecutive to each other in a time-series manner.
FIG.16is ablock diagram ofa system for correlating between
input images consecutive to each other in a time-series man-
ner.

The system is provided with a camera 101, a corresponding
point searching apparatus 13, and a display unit 12. The
camera 101 captures an image of a subject at a predetermined
frame rate. The corresponding point searching apparatus 13
has substantially the same configuration as the corresponding
point searching apparatus 110 shown in FIG. 1 except that a
method for specifying a standard image and a reference
image is different. In FIG. 1, an image captured by the camera
101 at a point of time t is used as a standard image, and an
image captured by the camera 102 atthe point of time t is used
as a reference image. In the second use example, an image
captured by the camera 101 at a point of time t is used as a
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standard image, and an image captured by the camera 102 at
a point of time (t-1) is used as a reference image.

Subsequently, the corresponding point searching apparatus
13 detects a corresponding point corresponding to a target
point within the standard image from the reference image.
Subsequently, the corresponding point searching apparatus
13 calculates an optical flow of a target object by obtaining a
difference between the corresponding point and the target
point.

(Summary of the Corresponding Point Searching Appara-
tus)

(1) The corresponding point searching apparatus is pro-
vided with an image acquirer which acquires one of at least
two input images as a standard image, and a rest of the input
images as a reference image; a multi-resolution image gen-
erator which hierarchically generates a plurality of standard
images having resolutions different from each other and a
plurality of reference images having resolutions different
from each other respectively from the standard image and the
reference image acquired by the image acquirer; a corre-
sponding point searching section which searches a corre-
sponding point corresponding to a target point in a standard
image of a target layer from a reference image of the target
layer; an initial position setter which sets an initial search
position in the reference image of the target layer, based on a
corresponding point searched in a layer immediately lower
than the target layer; and a search controller which causes the
corresponding point searching section to sequentially search
a corresponding point from a lower layer toward an upper
layer. The corresponding point searching section sets a pre-
determined search region in the reference image of the target
layer by using the initial search position set in the target layer
as a reference, calculates a correlation value with respect to
the target point at each of positions in the set search region,
determines whether plural correlation peaks appear based on
the calculated correlation value, and determines plural corre-
sponding points with use of each of the correlation peaks, in
the case where the corresponding point searching section
determines that plural correlation peaks appear. In the case
where the corresponding point searching section retrieves
plural corresponding points, the initial position setter sets the
initial search position with respect to each of the correspond-
ing points.

According to the above configuration, in the case where
plural correlation peaks are detected in a target layer, and it is
difficult to determine which one of the correlation peaks is a
solution, because the correlation values of the correlation
peaks are close to each other, plural corresponding points are
detected with use of each of the correlation peaks, without
determining one corresponding point with use of one of the
correlation peaks. Then, a corresponding point is determined
in an upper layer in such a manner that a search region is set
with respect to each of the corresponding points in a layer
immediately higher than the target layer for searching a cor-
responding point.

In this example, in the case where the size of a search
region is the same in all the layers, the relative size of a search
region with respect to the reference image decreases toward
an upper layer. Accordingly, the search region is narrowed
toward an upper layer, and the possibility of including plural
subjects having different subject distances in the search
region is lowered. As a result, it is possible to increase the
possibility of obtaining only one correlation peak in a final
stage of processing. This is advantageous in implementing a
corresponding point search with high precision.

(2) Preferably, in the case where it is determined that plural
correlation peaks appear, the corresponding point searching
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section may calculate a ratio of a correlation value ofa second
correlation peak other than a first correlation peak to a corre-
lation value of the first correlation peak at which the correla-
tion value is largest; in the case where the second correlation
peak having the ratio larger than a predetermined value is not
present, the corresponding point searching section may deter-
mine a corresponding point only from the first correlation
peak; and in the case where the second correlation peak
having the ratio larger than the predetermined value is
present, the corresponding point searching section may deter-
mine a corresponding point from the second correlation peak
having the ratio larger than the predetermined value, and may
determine a corresponding point from the first correlation
peak.

Even if two correlation peaks seem to appear, as far as the
correlation value of the second correlation peak is smaller
than the correlation value of the first correlation peak, it is
highly likely that the first correlation peak represents a cor-
responding point. In view of the above, in the above configu-
ration, a corresponding point is determined only with use of
the first correlation peak. This increases the possibility of
obtaining one sharp correlation peak in an upper layer.

(3) Preferably, the corresponding point searching section
may calculate the correlation value with use of a phase-only
correlation method.

According to the above configuration, a correlation value is
calculated with use of a phase-only correlation method hav-
ing a feature that a sharp correlation peak appears. Accord-
ingly, this enhances the detection precision of a correlation
peak, and is advantageous in performing a corresponding
point search with high precision.

(4) Preferably, the corresponding point searching section
may determine a largest correlation value among the correla-
tion values as the first correlation peak, and may determine a
correlation value smaller than the largest correlation value but
larger than a predetermined value as the second correlation
peak.

According to the above configuration, at least one correla-
tion peak is detected. Accordingly, it is possible to prevent
discontinuation of a corresponding point search in a layer
somewhere between the lowermost layer and the uppermost
layer. Further, according to the above configuration, a posi-
tion at which the correlation value is smaller than a predeter-
mined value is not determined to be the second correlation
peak. This makes it possible to perform a corresponding point
search, while excluding a correlation peak which is less likely
to serve as a solution. This is advantageous in reducing the
processing cost.

(5) Preferably, the corresponding point searching section
may determine a correlation value at an apex of a peak as a
correlation peak in a distribution of the correlation values.

According to the above configuration, it is possible to
detect a correlation peak with high precision.

(6) Preferably, the corresponding point searching section
may determine that a correlation peak appears at a target
position in the search region, in the case where a ratio of a
correlation value at a position adjacent to the target position to
a correlation value at the target position is not larger than a
predetermined value.

According to the above configuration, it is determined that
a correlation peak appears at a certain position having a
sufficiently large correlation value as compared with a corre-
lation value at a position in the vicinity of the certain position.
Accordingly, it is possible to prevent detection of a correla-
tion value at a position other than the apex of a peak, as a
correlation peak. This is advantageous in detecting a correla-
tion peak with high precision.
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(7) Preferably, the corresponding point searching section
may determine that a correlation peak appears at a target
position in the search region, in the case where a difference
value obtained by subtracting a correlation value at a position
adjacent to the target position from a correlation value at the
target position is larger than a predetermined value.

According to the above configuration, it is determined that
a correlation peak appears at a certain position having a
sufficiently large correlation value as compared with a corre-
lation value at a position in the vicinity of the certain position.
Accordingly, it is possible to prevent detection of a correla-
tion value at a position other than the apex of a peak, as a
correlation peak. This is advantageous in detecting a correla-
tion peak with high precision.

(8) Preferably, the corresponding point searching section
may detect a correlation peak at a position away by a prede-
termined distance or more.

According to the above configuration, it is possible to
prevent detection of a correlation peak at the adjacent posi-
tion. This is advantageous in detecting a correlation peak with
high precision.

(9) Preferably, in the case where the initial position setter
determines plural initial search positions in the reference
image of the target layer, the corresponding point searching
section may set the search region with respect to each of the
initial search positions as a reference, and even in the case
where the corresponding point searching section retrieves
plural corresponding points in each of the search regions, the
initial position setter may set an initial search position with
respect to all the corresponding points in the reference image
of a layer immediately higher than the target layer.

According to the above configuration, it is possible to avoid
a case that a true corresponding point serving as a solution is
excluded from the candidates. This is advantageous in
enhancing the search precision of a corresponding point.

(10) Preferably, in the case where the number of corre-
sponding points searched in the target layer by the corre-
sponding point searching section exceeds a predetermined
upper limit, the initial position setter may set the initial search
position with respect to the corresponding points of a number
not larger than the upper limit.

According to the above configuration, it is possible to
prevent a case that an extremely large number of correspond-
ing points are detected in an upper layer, and it may be
difficult to select atrue corresponding point as a final solution.

(11) Preferably, the corresponding point searching section
may determine one corresponding point in an uppermost
layer.

According to the above configuration, it is possible to
securely determine one corresponding point in a final stage of
processing.

The invention claimed is:

1. A corresponding point searching apparatus, comprising:

an image acquirer which acquires one of at least two input
images as a standard image, and a rest of the input
images as a reference image;

a multi-resolution image generator which hierarchically
generates a plurality of standard images having resolu-
tions different from each other and a plurality of refer-
ence images having resolutions different from each
other respectively from the standard image and the ref-
erence image acquired by the image acquirer;

a corresponding point searching section which searches a
corresponding point corresponding to a target point in a
standard image of a target layer from a reference image
of' the target layer;
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an initial position setter which sets an initial search posi-
tion in the reference image of the target layer, based on
a corresponding point searched in a layer immediately
lower than the target layer; and

a search controller which causes the corresponding point
searching section to sequentially search a corresponding
point from a lower layer toward an upper layer, wherein

the corresponding point searching section sets a predeter-
mined search region in the reference image of the target
layer by using the initial search position set in the target
layer as a reference, calculates a correlation value with
respect to the target point at each of positions in the set
search region, determines whether plural correlation
peaks appear based on the calculated correlation value,
and determines plural corresponding points with use of
each of the correlation peaks, in the case where the
corresponding point searching section determines that
plural correlation peaks appear, and

in the case where the corresponding point searching sec-
tion retrieves plural corresponding points, the initial
position setter sets the initial search position with
respect to each of the corresponding points,

in the case where it is determined that plural correlation
peaks appear, the corresponding point searching section
calculates a ratio of a correlation value of a second
correlation peak other than a first correlation peak to a
correlation value of the first correlation peak at which
the correlation value is largest,

in the case where the second correlation peak having the
ratio larger than a predetermined value is not present, the
corresponding point searching section determines a cor-
responding point only from the first correlation peak,
and

in the case where the second correlation peak having the
ratio larger than the predetermined value is present, the
corresponding point searching section determines a cor-
responding point from the second correlation peak hav-
ing the ratio larger than the predetermined value, and
determines a corresponding point from the first correla-
tion peak.

2. The corresponding point searching apparatus according

to claim 1, wherein

the corresponding point searching section calculates the
correlation value with use of a phase-only correlation
method.

3. The corresponding point searching apparatus according

to claim 1, wherein

the corresponding point searching section determines a
largest correlation value among the correlation values as
the first correlation peak, and determines a correlation
value smaller than the largest correlation value but larger
than a predetermined value as the second correlation
peak.

4. The corresponding point searching apparatus according

to claim 1, wherein

the corresponding point searching section determines a
correlation value at an apex of a peak as a correlation
peak in a distribution of the correlation values.

5. A corresponding point searching apparatus, comprising:

an image acquirer which acquires one of at least two input
images as a standard image, and a rest of the input
images as a reference image;

a multi-resolution image generator which hierarchically
generates a plurality of standard images having resolu-
tions different from each other and a plurality of refer-
ence images having resolutions different from each
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other respectively from the standard image and the ref-
erence image acquired by the image acquirer;

a corresponding point searching section which searches a
corresponding point corresponding to a target point in a
standard image of a target layer from a reference image
of' the target layer;

an initial position setter which sets an initial search posi-
tion in the reference image of the target layer, based on
a corresponding point searched in a layer immediately
lower than the target layer; and

a search controller which causes the corresponding point
searching section to sequentially search a corresponding
point from a lower layer toward an upper layer, wherein

the corresponding point searching section sets a predeter-
mined search region in the reference image of the target
layer by using the initial search position set in the target
layer as a reference, calculates a correlation value with
respect to the target point at each of positions in the set
search region, determines whether plural correlation
peaks appear based on the calculated correlation value,
and determines plural corresponding points with use of
each of the correlation peaks, in the case where the
corresponding point searching section determines that
plural correlation peaks appear, and

in the case where the corresponding point searching sec-
tion retrieves plural corresponding points, the initial
position setter sets the initial search position with
respect to each of the corresponding points,

the corresponding point searching section determines that
a correlation peak appears at a target position in the
search region, in the case where a ratio of a correlation
value at a position adjacent to the target position to a
correlation value at the target position is not larger than
a predetermined value.

6. A corresponding point searching apparatus, comprising:

an image acquirer which acquires one of at least two input
images as a standard image, and a rest of the input
images as a reference image;

a multi-resolution image generator which hierarchically
generates a plurality of standard images having resolu-
tions different from each other and a plurality of refer-
ence images having resolutions different from each
other respectively from the standard image and the ref-
erence image acquired by the image acquirer;

a corresponding point searching section which searches a
corresponding point corresponding to a target point in a
standard image of a target layer from a reference image
of' the target layer;

an initial position setter which sets an initial search posi-
tion in the reference image of the target layer, based on
a corresponding point searched in a layer immediately
lower than the target layer; and

a search controller which causes the corresponding point
searching section to sequentially search a corresponding
point from a lower layer toward an upper layer, wherein

the corresponding point searching section sets a predeter-
mined search region in the reference image of the target
layer by using the initial search position set in the target
layer as a reference, calculates a correlation value with
respect to the target point at each of positions in the set
search region, determines whether plural correlation
peaks appear based on the calculated correlation value,
and determines plural corresponding points with use of
each of the correlation peaks, in the case where the
corresponding point searching section determines that
plural correlation peaks appear, and
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in the case where the corresponding point searching sec-
tion retrieves plural corresponding points, the initial
position setter sets the initial search position with
respect to each of the corresponding points,

the corresponding point searching section determines that
a correlation peak appears at a target position in the
search region, in the case where a difference value
obtained by subtracting a correlation value at a position
adjacent to the target position from a correlation value at
the target position is larger than a predetermined value.

7. The corresponding point searching apparatus according

to claim 1, wherein

the corresponding point searching section detects a corre-
lation peak at a position away by a predetermined dis-
tance or more.

8. A corresponding point searching apparatus, comprising:

an image acquirer which acquires one of at least two input
images as a standard image, and a rest of the input
images as a reference image;

a multi-resolution image generator which hierarchically
generates a plurality of standard images having resolu-
tions different from each other and a plurality of refer-
ence images having resolutions different from each
other respectively from the standard image and the ref-
erence image acquired by the image acquirer;

a corresponding point searching section which searches a
corresponding point corresponding to a target point in a
standard image of a target layer from a reference image
of the target layer;

an initial position setter which sets an initial search posi-
tion in the reference image of the target layer, based on
a corresponding point searched in a layer immediately
lower than the target layer; and

a search controller which causes the corresponding point
searching section to sequentially search a corresponding
point from a lower layer toward an upper layer, wherein

the corresponding point searching section sets a predeter-
mined search region in the reference image of the target
layer by using the initial search position set in the target
layer as a reference, calculates a correlation value with
respect to the target point at each of positions in the set
search region, determines whether plural correlation
peaks appear based on the calculated correlation value,
and determines plural corresponding points with use of
each of the correlation peaks, in the case where the
corresponding point searching section determines that
plural correlation peaks appear, and

in the case where the corresponding point searching sec-
tion retrieves plural corresponding points, the initial
position setter sets the initial search position with
respect to each of the corresponding points,

in the case where the initial position setter determines
plural initial search positions in the reference image of
the target layer, the corresponding point searching sec-
tion sets the search region with respect to each of the
initial search positions as a reference, and

even in the case where the corresponding point searching
section retrieves plural corresponding points in each of
the search regions, the initial position setter sets an ini-
tial search position with respect to all the corresponding
points in the reference image of a layer immediately
higher than the target layer.

9. The corresponding point searching apparatus according

to claim 1, wherein

in the case where the number of corresponding points
searched in the target layer by the corresponding point
searching section exceeds a predetermined upper limit,
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the initial position setter sets the initial search position
with respect to the corresponding points of a number not
larger than the upper limit.
10. The corresponding point searching apparatus accord-
ing to claim 1, wherein
the corresponding point searching section determines one
corresponding point in an uppermost layer.
11. The corresponding point searching apparatus accord-
ing to claim 1, wherein
the corresponding point searching section determines that
a correlation peak appears at a target position in the
search region, in the case where a ratio of a correlation
value at a position adjacent to the target position to a
correlation value at the target position is not larger than
a predetermined value.
12. The corresponding point searching apparatus accord-
ing to claim 1, wherein
the corresponding point searching section determines that
a correlation peak appears at a target position in the
search region, in the case where a difference value
obtained by subtracting a correlation value at a position
adjacent to the target position from a correlation value at
the target position is larger than a predetermined value.
13. The corresponding point searching apparatus accord-
ing to claim 1, wherein
the corresponding point searching section detects a corre-
lation peak at a position away by a predetermined dis-
tance or more.
14. The corresponding point searching apparatus accord-
ing to claim 1, wherein
in the case where the initial position setter determines
plural initial search positions in the reference image of
the target layer, the corresponding point searching sec-
tion sets the search region with respect to each of the
initial search positions as a reference, and
even in the case where the corresponding point searching
section retrieves plural corresponding points in each of
the search regions, the initial position setter sets an ini-
tial search position with respect to all the corresponding
points in the reference image of a layer immediately
higher than the target layer.
15. The corresponding point searching apparatus accord-
ing to claim 11, wherein
the corresponding point searching section determines that
a correlation peak appears at a target position in the
search region, in the case where a difference value
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obtained by subtracting a correlation value at a position
adjacent to the target position from a correlation value at
the target position is larger than a predetermined value.

16. The corresponding point searching apparatus accord-
ing to claim 15, wherein

the corresponding point searching section detects a corre-
lation peak at a position away by a predetermined dis-
tance or more.

17. The corresponding point searching apparatus accord-
ing to claim 16, wherein

in the case where the initial position setter determines
plural initial search positions in the reference image of
the target layer, the corresponding point searching sec-
tion sets the search region with respect to each of the
initial search positions as a reference, and

even in the case where the corresponding point searching
section retrieves plural corresponding points in each of
the search regions, the initial position setter sets an ini-
tial search position with respect to all the corresponding
points in the reference image of a layer immediately
higher than the target layer.

18. The corresponding point searching apparatus accord-
ing to claim 17, wherein

in the case where the number of corresponding points
searched in the target layer by the corresponding point
searching section exceeds a predetermined upper limit,
the initial position setter sets the initial search position
with respect to the corresponding points of a number not
larger than the upper limit.

19. The corresponding point searching apparatus accord-
ing to claim 3, wherein

in the case where the initial position setter determines
plural initial search positions in the reference image of
the target layer, the corresponding point searching sec-
tion sets the search region with respect to each of the
initial search positions as a reference, and

even in the case where the corresponding point searching
section retrieves plural corresponding points in each of
the search regions, the initial position setter sets an ini-
tial search position with respect to all the corresponding
points in the reference image of a layer immediately
higher than the target layer.
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